Abstract-Conducting polymers are new materials that can be used as low-voltage actuators and active flexure joints, scaling down to the microscale; however, many devices based on these actuators are limited because they can only operate when submerged in an electrolyte. Conducting polymer trilayer actuators are laminated structures with a wide range of potential applications as they are capable of operating both in air and liquid environments, but their dynamic behavior is not yet fully understood. With the view to developing a comprehensive dynamic model of trilayer actuators, this paper presents the experimentally obtained frequency response of the actuator displacement, as measured using a laser displacement sensor. A model of the resonant frequency is also presented and then comprehensively validated using actuators of various geometry and loading. This model can be used to: 1) estimate properties of the trilayer actuator from experimental measurements; 2) quantify and optimize an actuator's dynamic behavior as a function of geometry; and 3) facilitate the use of these actuators as a component in practical applications, such as force and motion control systems.
I. INTRODUCTION
C ONDUCTING polymers are a new class of material able to inherently conduct electricity, and they have been found to change volume with small changes in applied voltage, allowing their use as actuators [1] . The attraction of conducting polymer actuators are the low actuation voltages required to produce movement, biocompatibility, operation in liquid or air environments, controllable manufacture down to the microscale [2] , and the useable stresses and strains that are generated [1] . Bending actuators show potential as active flexure joints for manipulation devices approaching the microscale [3] - [5] , with the generated tip forces (<10 mN [3] , [6] , [7] ) capable of manipulating small objects [4] , [6] , but their static and dynamic behavior needs to be understood and modeled before these actuators can be fully exploited in practical manipulation systems.
The linear actuation behavior of individual conducting polymer flat films and tubular structures has been studied [8] - [14] , including dynamic properties such as strain rates [8] , [15] and the modeling of impedance [10] , [13] ; however, the practical use of these actuator configurations are limited as they change volume only when the device is in contact with free ions, typically in the form of a liquid electrolyte.
Some laminated bending conducting polymer actuators, called trilayers, have a self-contained electrolyte source that allows for a wider range of potential applications, as they can operate in both air and liquid environments. The bending profile and force outputs of trilayers have been examined near or at steady state, with some models proposed [6] , [16] , [17] . Initial investigations into the dynamic response of trilayers have also been conducted, with Kaneto et al. [18] identifying the displacement of a polyaniline trilayer at 44 Hz, but no other displacement frequencies were probed, and it was not reported whether it was at resonance. Madden et al. [9] examined the displacement at multiple input voltage frequencies, but did not report resonance, while Wu et al. [7] are able to manually identify resonance up to 90 Hz. The phase response of the polypyrrole trilayer benders has not been identified to date, and a dynamic model for trilayer displacement does not yet exist.
The research described in this paper contributes to the understanding of the dynamic behavior of conducting polymer actuators by presenting, for the first time, the frequency response of the conducting polymer trilayer actuator displacement, including phase shift. A resonant frequency model, based on the theory for cantilever beams, is presented for the trilayer structure and comprehensively validated using over 300 actuators of different geometries and loadings. This model can be used to estimate unknown actuator properties, such as mass or elastic modulus, from experimental measurements. The model will also allow the quantification and optimization of the dynamic performance of trilayer actuators and represents a significant step toward the development of a fully dynamic model for these devices.
A. Actuator Structure
Laminations of active conducting polymers and inactive substrates form one type of actuator, with the volume change (or strain) of the polymer working against the inactive substrate to produce a bending action. Single-polymer layers on a substrate are known as bilayers (or bimorphs) [2] , [5] , [19] , [20] but these have limited practical applications in that, like single films, they can only operate while submerged in liquid, typically an electrolyte. This has been overcome with the trilayer actuator structure [7] , where an inactive substrate is used to separate two active conducting polymer layers.
The trilayer device used in this study comprises a porous poly(vinylidene fluoride) (PVDF) substrate coated on both sides with a thin gold layer, upon which the conducting polymer, polypyrrole (PPy), is deposited [ Fig. 1(a) ]. The porous substrate acts as an electrical insulator between the two polymer layers while also storing electrolyte, facilitating its operation in air.
The bending action of the conducting polymer is linked to the applied voltage and the subsequent electrochemical response. In any given state, the conducting polymer structure will contain some level of charge and, to maintain electroneutrality, the free charged ions in the electrolyte will move to balance it. The application of potential across the trilayer actuator structure modifies the amount of charge in each polymer layer (lowering it on one side and increasing it on the other) and to balance this change, the free ions in the electrolyte are forced to move. The movement of these ions is associated with a change in volume [10] , [19] , [21] ; for the actuators used in this study, as the polymer becomes more negatively charged, the negative ions will leave the polymer and it will shrink, and conversely, as the polymer becomes more positively charged (through the loss of electrons), negative ions will enter the polymer and it will expand. As each layer changes volume differently, strain differentials are produced through the actuator, causing it to bend away from the expanding layer [ Fig. 1(b) ]. Other mechanisms may contribute to the volume change, including solvent movement [21] , [22] , but these effects have not been included in the modeling discussed here, as they are slower processes and have minimal effect on the resonant frequency.
II. MODEL
Wu et al. [7] proposed a general model for the resonant frequency of a trilayer conducting polymer actuator, but it was not experimentally validated. This section will present a specific model for the trilayer structure, which relates the resonant frequency to actuator geometry and tip loading.
The structure of the conducting polymer actuator is presented in Fig. 2 , with the width of the actuator designated as b, the actuator free length as l, and a neutral axis defined at the center of the trilayer structure. The thicknesses of the laminated layers of the actuator are described by the height of the PVDF h 1 and the polypyrrole h 2 from the neutral axis. The elastic modulus of the polypyrrole is E ppy and E pvdf for the PVDF substrate. The density of the polypyrrole is ρ ppy and ρ pvdf for the PVDF. The gold coating on the PVDF has been assumed to have negligible effect on the mechanical operation of the actuator.
Considering the dimensions of the actuator and the material densities, the mass of the actuator can be described as follows:
It is assumed that, given one end of the trilayer is fixed and the other free to move, the actuator can be modeled as a cantilever. The resonant frequency, in Hertz, and subsequent harmonics for a cantilever beam of length l and mass m can be shown to be [23] 
where β is the resonant frequency mode (1.875 for fundamental resonance) and EI is the flexural rigidity of the beam; however, this derivation does not consider any effect of tip loading. The resonant frequency for a mass m t at the tip of a zero-mass beam of length l is given by [24] 
Assuming that the lengths of the beam for the cantilever with and without tip mass are identical, Dunkerley's formula (4) [24] can be used to find the combined resonant frequencies (5). It must be noted that Dunkerley's formula is an empirical relationship, and has been used here for simplicity. It does not represent a closed-form solution for trilayer resonance while loaded
n,mass
The flexural rigidity, or resistance to bending, of the trilayer structure can be determined in terms of the dimensions and material properties, and is given in (6) [17] :
Substituting the actuator mass (1) and flexural rigidity (6) into the general resonant frequency equation (5), the resonant frequency of the trilayer actuator can be obtained in terms of its material properties
When no loading has been added to the tip of the actuator, m t equals zero and the resonant frequency equation reduces to
The resonant frequency model with zero tip loading (8) predicts that the resonant frequency is inversely proportional to the square of length. This is equivalent to
where A is given by
.
One implication of (6) is that the stress and strain distribution along the thickness of the actuator can be estimated using the flexural rigidity expressed by (6) . However, it must be noted that while the stress distribution is uniform through the thickness of our actuators for thicknesses up to 50 µm [16] , the strain distribution is linearly increasing from the neutral axis of the actuator to the surface of the actuator along the thickness.
III. EXPERIMENTAL CONFIGURATION

A. Trilayer Actuators
Conducting polymer actuators, based on polypyrrole, were manufactured electrochemically using a constant current process. A full description of this process is presented in [7] . The inert substrate PVDF was first coated with a thin layer of gold using a sputter coating process. It was then cut to size and placed in a glass cell containing the monomer (pyrrole, supplier Merck), salt [lithium trifluoromethanesulfonimide (Li + TFSI − ), supplier 3M], 1 wt.% water and solvent [Propylene Carbonate (PC), supplier Sigma-Aldrich]. A current density of 0.1 mA/cm 2 was applied to the PVDF using a galvanostat for either 6, 12, or 16 h, with the thickness of the polypyrrole layer increasing by approximately 2 µm per hour of growth. The polypyrrole-coated PVDF sheet is then removed from the cell, washed with acetone, and stored in 0.1M Li + TFSI − in PC. The benders are then cut to size from the bulk sheet as required.
An example micrograph of the dry trilayer structure is shown in Fig. 3 , with the PVDF membrane visible in the center, separating the two polypyrrole layers. The PVDF has a thickness of 110 µm before polymerization, with an elastic modulus of approximately 307 MPa that increases to 312 MPa after gold coating, as estimated from the oscillation frequency of a dry cantilevered sample. The elastic modulus of the PPy grown in this configuration is unknown, but previous publications have reported moduli of 80 MPa [11] for single films of similar manufacture. 
B. Displacement Measurement
An experimental system was developed to measure the actuator displacement, as shown in Figs. 4 and 5. A National Instruments Data Acquisition Card (model NI6229) was used to generate a voltage signal, which was amplified by a potentiostat (eDAQ model EA161) operating in two-electrode mode. The actuator was sandwiched between two platinum contacts to apply the amplified voltage across the trilayer structure. A laser displacement sensor (microepsilon, model NCDT-1700-10) with 10 mm measurement range, 0.5 µm resolution, and 2.5 kHz bandwidth was mounted on an XY micrometer stage and used to measure the tip displacement, outputting a proportional voltage measured by an e-corder data logger (eDAQ e-corder, model ED821). The laser displacement sensor introduces a delay of approximately 2 ms between the displacement measurement and voltage output due to the conversion electronics, imposing a phase shift of approximately −0.72
• /Hz on the actuator response.
To experimentally identify the effects of tip loading on the resonant frequency response of the trilayer bender, disc magnets with a diameter of 1 mm, thickness of 0.5 mm, and mass of 2.79 mg were attached to the trilayer bender in multiples of 2. To simulate a point mass, the magnets were located at the tip of the actuator and centered with respect to its width (Fig. 7) .
For all frequency-response tests, a variable-frequency (or swept) sine wave was generated using LabVIEW, with parameters as given in Table I (unless otherwise noted) and inputted into 
TABLE I STANDARD OUTPUT SIGNAL PARAMETERS
the potentiostat as the reference voltage signal. The laser was then focussed at the tip of the actuator to measure displacement. Upon completion of the experiment, the frequency response was estimated from the time-domain data using Welch's method [25] and the damped fundamental resonant frequency measured. The damped natural frequency has been assumed to be equal to the natural frequency of the system, as the estimated damping ratio of the actuator is low (approximately 0.03), so the error introduced is less than 0.1% for a second-order system.
IV. EXPERIMENTAL RESULTS
A. Input Voltage
To identify the effect of the frequency response on input voltage, a 15.75-mm-long × 2-mm-wide actuator (12 h growth) was clamped and the laser focused 1.0 mm from the tip. A swept sine wave with a frequency range of 0-50 Hz was then applied, with the amplitude of the signal varied in nine intervals between 0.025 and 1.250 V. The test was repeated four times on the same actuator sample, with the actuator resoaked with electrolyte between each test. The frequency response and fundamental resonant frequencies were then identified for each input amplitude.
The average fundamental resonant frequency for all tests was 38.4 Hz, with a standard deviation of 0.16 Hz. The displacement at resonance for each of the four trials is given in Fig. 8 (left) and normalized against the 1 V measurement in Fig. 8 (right) with a linear trend line fitted. Sample frequency responses are given in Fig. 9 for three different input voltages showing both gain and phase shift, and the fundamental resonance can be seen clearly at approximately 38 Hz. 
B. Higher Resonance Modes
A frequency response was obtained for a 25-mm-long, 2-mmwide trilayer bender from a 12 h growth up to 300 Hz (Fig. 10) . The laser was focussed at 20 mm from the clamp, allowing the first three resonance modes to be identified, as shown in Table II . The expected frequencies are also presented, based on the measured fundamental resonance of 14.2 Hz and vibrations modes of β = 4.694 (second mode) and β = 7.855 (third mode).
C. Geometry Variation
The geometry of the conducting polymer was varied and the fundamental resonant frequency measured. The factors under consideration were actuator length, width, polymer thickness, and loading of the actuator (or tip mass).
The changes in resonant frequency as a function of length are presented in Fig. 11(a)-(f) inclusive. The function f n = Al [see (10) ] has been fitted to each of the resonant frequency measurements using least-squares regression and is presented in each subplot of Fig. 11 as the solid line. Fig. 12 presents sample displacement frequency responses for three different length actuators.
Each row in Fig. 11 [(a) and (b), for example] presents the resonant frequency results for variation in actuator width for a number of actuator lengths. Sample frequency response plots are presented in Fig. 13 for a 2-and 4-mm-wide actuator.
The change in the fundamental resonant frequency with PPy thickness is presented in each column of Fig. 11 [(a) , (c), and (e), for example] for a number of different actuator lengths. Fig. 15 presents sample frequency response plots for three actuators of identical length and width but different PPy thickness.
Polymer actuators were cut to size from the 12 h growth to widths of 2-4 mm and free lengths of 5.75, 10.75, and 15.75 mm. The tip of the actuator was progressively loaded from 0 to 40 mg and the fundamental resonant frequency measured.
The results for the mass variation experiments are presented in Fig. 14(a)-(f) , with each row for a specific length and each column for a specific width and the solid line representing the fitted model. Sample frequency responses are presented in Fig. 16 for a fixed actuator length and width as the tip mass is varied.
V. DISCUSSION
A. Voltage Independence
The fundamental resonant frequency has been found to be independent of input voltage (Fig. 9) . The elastic modulus of a polypyrrole film has been reported to change with applied potential [11] over longer time periods; however, the fundamental resonant frequency does not change with input voltage amplitude, which indicates that there is minimal change in the bulk elastic modulus when interpreted using the resonant frequency model (7).
B. Resonant Frequency and Geometry Variation
The fundamental resonant frequency of the trilayer actuator was found to be a function of length, increasing as the length of the actuator was decreased for all actuator widths and polymer thicknesses tested [ Fig. 11(a)-(f) inclusive] . There is also good repeatability between individual experiments, as can be seen by the small variation between the three actuators tested at each measurement. The fitted resonant frequency model followed the experimental measurements closely (Fig. 11, solid line) , indicating that the model is valid for the range of dimensions tested.
The magnitude of the amplitude response of the actuator decreases as the length of the actuator decreases (Fig. 12 ). This result is expected, given that the shorter actuators produce less bending at the tip of the actuator for a given input.
An increase in actuator width from 2 to 4 mm does not produce a significant change in the fundamental resonant frequency for each thickness and length, as shown in each row of Fig. 11 [such as (a) and (b)]. This can be verified by comparing the coefficient A fitted to the resonant frequency measurements (Table III) , confirming the resonant frequency model for zero tip loading (8) , because any rise in the actuator mass is balanced by an increase in flexural rigidity.
It was found that the fundamental resonant frequency increased with the thickness of the PPy, as shown in each column of Fig. 11 [such as (a), (c), and (e)], following the trends predicted by the resonant frequency model (8) .
As load is applied to the tip of the trilayer bender, the fundamental resonant frequency becomes dependent on width, following the prediction of the full resonant frequency model (7) . Further validation was obtained by fitting a reduced-complexity resonant frequency model (5) to the experimental observations, Fig. 11 . Experimental resonant frequency results for various actuator geometries. Each subplot [(a)-(f)] is the fundamental resonant frequency versus actuator length, each column is for a specific actuator width, while each row is for a specific polypyrrole thickness. Three trials were performed for each actuator dimension, represented by the three symbols in each plot. The solid line in each plot is the fitted function f n = Al −2 with the coefficient shown (l in millimeters). The R 2 -value for all fits was greater than 0.99. Fig. 14 . The fitted mass (Table IV) and fitted flexural rigidity (Table V) coefficients are within experimental error.
C. Applications of the Model
The model can be used to estimate the position of the resonant frequency as part of a full frequency response model, when all material properties are known. As displacement can be difficult to control around resonance given the sharp changes in amplitude, the model could be used to predict the center frequency, allowing the resonance to be avoided.
Monitoring of the resonant frequency during operation would allow any changes in the loading of the actuator to be detected.
If the resonant frequency is known and some actuator properties are not, then the model could be used to estimate these unknowns. For example, this technique was applied to the model fitted to the variable tip mass results (Fig. 14) to closely estimate the mass of the actuator. If the dimensions and masses of the individual actuator layers and the elastic modulus of the PVDF substrate were known, then the elastic modulus of the polypyrrole could be estimated from the flexural rigidity by using (6).
VI. CONCLUSION
Trilayer conducting polymer actuators show promise for practical devices, as they produce useable forces and displacements from small input voltages, but the dynamic behavior of the actuators has not previously been fully identified or understood. In an effort to identify these dynamics of the actuator, the frequency response of the actuator displacement has been identified for both gain and phase using a laser displacement sensor. The technique has been shown to be independent of input voltage and actuator displacement.
The four controllable parameters of the resonant frequency equation-length, width, polymer thickness, and tip masshave all been varied independently, and the trends shown by these actuators match those predicted by the model for resonant frequency. Furthermore, the higher resonant modes matched model predictions, while the fitted model parameters were all within the ranges expected for the system, indicating that the model is valid for this particular actuator configuration. Future work will use the resonant frequency model and experimentally identified frequencies to estimate the elastic modulus of the conducting polymer.
This paper has identified the frequency response of the trilayer actuator and has modeled one characteristic, the resonant frequency, representing a step toward the understanding and modeling of the entire frequency response. Future work will identify the transfer function of the system, then link it to the resonant frequency model and the mechanisms behind actuation; identifying and understanding these factors will allow optimization of the open loop displacement and the design of compensating controllers to ultimately allow their use in functional devices.
